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INTRODUCTION 


The  goal  of  the  research  effort  funded  under  this  grant  is  to  finalize  the  construction  of  two 
prototype  DXM-1  slot-scanning  digital  mammography  systems1,  conduct  a  technical  evaluation  of 
these  prototypes  and  perform  two  clinical  studies  to  assess  the  efficacy  of  the  systems  in  the  clinical 
environment.  This  program  is  scheduled  to  be  completed  during  a  36  month  effort. 

The  technical  evaluation  and  one  of  the  clinical  studies  is  being  conducted  at  the  Radiology 
Department  at  the  University  of  Arizona  (UA)  under  the  direction  of  Dr.  Hans  Roehrig.  The 
objective  of  the  technical  evaluation  is  to  determine  system  performance  parameters  such  as  dynamic 
range,  modulation  transfer  function,  sensitivity,  etc.  These  parameters  are  to  be  measured  and 
compared  with  filnVscreen  performance  characteristics.  The  objective  of  the  clinical  study  conducted 
at  UA  is  to  acquaint  and  train  radiologist  to  read  digital  mammograms  from  a  monitor  and  to 
determine  system  efficacy  in  screening  and  diagnosis  by  imaging  patients  with  known  abnormal 
mammograms.  One  hundred  women  are  scheduled  to  participate  in  this  study. 

The  second  clinical  study  was  scheduled  to  be  conducted  at  Sharp  Healthcare/Sidney  Kimmel 
Cancer  Center  in  San  Diego,  California  under  the  direction  of  Dr.  Christine  White.  The  objective  of 
this  study  is  to  establish  the  clinical  efficacy  of  the  system  compared  with  conventional  film/screen 
mammography.  One  thousand  women  are  scheduled  to  participate  in  this  study. 

The  DXM-1  digital  mammography  system  was  designed  and  partially  developed  through 
funding  obtained  from  the  National  Institutes  of  Health  with  two  Small  Business  Inovative  Research 
(SBIR)  grants  (phase  I  and  phase  II  grant  no.  2R44CA59104-02A1).  Under  these  grants,  the  sensor 
chip  technology  was  developed  and  an  engineering  prototype  was  produced  which  was  used  to 
acquire  images  of  the  Contrast  Detail  Mammography  (CDMAM)  phantom.  These  images  established 
that  the  sensors  are  capable  of  acquiring  superior  quality  images  than  conventional  screen/film.  Data 
acquired  from  these  images  was  used  to  calculate  the  Detective  Quantum  Efficiency  (DQE)  and 
Modulation  Transfer  Function  (MTF)  for  the  prototype  sensor  array  and  is  shown  in  Appendix  A. 

One  result  of  the  previous  work  was  that  it  was  determined  that  the  original  prototype  sensors 
were  not  optimum  for  use  in  full-field  mammography  applications.  A  new  sensor  was  designed 
incorporating  several  features  including  larger  pixel  size,  larger  active  area  on  the  sensor  (i.e.,  more 
pixels)  and  an  on-chip  Time  Delay  and  Integration  (TDI)  function.  A  camera  and  digital  signal 
processor  (DSP)  was  also  designed  during  this  effort. 

Fisher  Imaging  Corporation,  a  subcontractor  to  this  effort  had  previously  developed  a 
mammography  gantry  specifically  designed  for  use  with  a  digital  slot-scanning  imaging  system  using 
a  different  sensor  technology.  In  connection  with  this  effort  Fisher  will  deliver  two  prototype  gantries 
for  use  in  the  technical  and  clinical  evaluation  studies.  One  prototype  has  been  delivered  and  is  being 
modified.  This  unit  will  be  used  to  conduct  the  technical  evaluation.  The  second  gantry  will  be 
delivered  and  used  for  the  clinical  evaluation  later  in  the  program. 
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The  effort  described  above  is  broken  down  into  three  tasks:  Integrate  and  Optimize  the  DXM- 

1  Mammography  System;  Engineering  and  Technical  Evaluation;  and  Clinical  Studies.  The  progress 
made  to  date  for  each  of  these  tasks  is  discussed  below. 

TASK  1:  DXM-1  Mammography  System  Integration 

This  task,  scheduled  to  require  nine  months  to  complete  has  been  delayed  due  to  the  necessity 
of  redesigning  the  sensor  chip  and  additional  modifications  required  to  the  DSP  unit.  The  sensor 
chips  used  in  the  DXM-1  were  designed  and  fabricated  in  connection  with  previous  work  and  were 
tested  several  months  ago.  The  results  obtained  indicated  that  resolution  was  being  degraded  in  the 
in-scan  axis  of  the  image.  After  subsequent  analysis,  it  was  determined  that  the  chip  design  allowed 
for  parasitic  capacitance  or  charge  sharing  among  the  TDI  summing  capacitors  on  the  sensor  readout 
chip.  In  addition,  the  sensors  produced  in  the  last  lot  run  had  an  extremely  low  yield  such  that  only 

2  working  sensor  were  produced. 

To  correct  these  problems,  the  sensor  chip  was  redesigned,  a  new  mask  set  was  generated  and 
another  lot  run  was  initiated.  This  lot  run  is  expected  to  be  received  by  August  15,  1997.  It  is 
anticipated  that  these  new  sensor  chips  will  show  improved  resolution  and  will  be  produced  with 
sufficient  yield  to  populate  the  two  prototype  systems  required  for  this  program. 

The  DSP  unit  required  several  modifications  in  order  to  operate  at  the  desired  speed  (i.e.,  10 
Mhz)  using  a  software  implemented  image  formation  algorithm.  Since  this  has  now  been 
accomplished,  two  DSP  units  are  being  fabricated  that  utilize  a  firmware  implemented  image 
formation  algorithm  that  will  run  at  a  speed  of  (20  Mhz).  This  higher  operating  speed  is  required  in 
order  to  meet  the  goal  of  acquiring  a  full-field  mammographic  image  in  four  seconds.  It  is  anticipated 
that  the  firmware  based  DSP  units  will  be  received  by  September  15, 1997. 

Despite  the  above  mentioned  problems,  several  images  were  acquired  with  the  first  prototype 
using  only  two  of  the  required  eight  sensor  chips.  Although  this  system  has  only  1/4  of  the  total 
imaging  area,  several  images  were  acquired  and  were  analyzed.  The  data  so  produced  has  been  used 
to  complete  the  development  of  the  system  and  make  the  required  changes  to  the  sensor  chips  and 
DSP  unit.  Several  key  parameters  have  been  measured  including:  x-ray  absorption  efficiency, 
effective  energy  output  of  the  x-ray  generator  and  a  preliminary  noise  analysis  has  been  performed. 
In  addition,  some  attempts  have  been  made  to  generate  a  dark-substraction  and  flat-fielding  algorithm 
while  imaging  the  American  College  of  Radiology  (ACR)  accreditation  phantom.  The  ACR 
accreditation  phantom  is  described  in  detail  by  DeParedes,  et  al2,  Hendrick,  et  al3,  and  MeLelland, 
et  al4. 


System  parameters  of  the  DXM-1  prototype  were  measured  that  primarily  determine  image 
quality.  There  are  three  areas  of  concern;  the  signal  generation,  the  generation  of  noise  and  the  removal 
of  artifacts  produced  from  the  analog  and  digital  signal  processors. 

The  signal  generation  parameters  measured  are:  x-ray  absorption  of  the  diode  substrate  material 
(silicon)  and  the  effective  energy  of  the  x-ray  generator.  As  shown  in  Figures  B1  -  B4,  three  detector 
substrates  were  placed  in  front  of  a  phosphor-coated  fiberoptic  taper  coupled  to  a  Charge  Coupled  Device 
(CCD)  camera.  Images  were  acquired  with  this  camera  using  an  x-ray  generator.  Three  different  x-ray 
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spectra  were  used  to  obtain  these  images:  80  kVp,  30  kVp  and  26  kVp.  Using  specific  filters  in  connection 
with  these  spectra*  a  well  characterized  effective  x-ray  energy  is  produced.  For  the  80  kVp  spectra,  the 
effective  energy  is  50.5  keV,  for  the  30  kVp  spectra,  19  keV  and  14.9  keV  for  the  26  kVp  spectra.  The 
total  absorption  measured  with  these  energies  is  shown  in  the  table  below  and  compared  with  data 
calculated  from  first  principles: 


Effective 

X-ray 

Energy 

Calculated 

Absorption 

%  Absorption 
(1.53mm  of  Si) 

50.5  keV 

14% 

12.3% 

19keV 

76% 

73.3% 

14.9  keV 

96% 

86.9% 

These  data  suggest  that  an  absorption  efficiency  of  73  to  86%  can  be  expected  for  typical  mammography 
spectra  using  a  1.53  mm  silicon  detector  substrate.  These  values  correlate  well  with  the  calculated  values. 
The  calculated  values  assume  a  monoenergetic,  collimated  beam  of  x-rays. 

The  x-ray  generator  that  will  be  used  in  connection  with  this  study  was  characterized  to  determine 
its  effective  energy  at  two  energy  settings,  with  and  without  an  absorber  (to  simulate  tissue).  The  effective 
energy  was  determined  as  described  by  Johns  and  Cunningham5  and  by  Hillen,  et  al6.  The  results  of  this 
study  are  shown  in  Figures  B5  -  B7  and  are  summarized  in  the  table  below: 


Energy  Spectra 

No  Absorber 

3.9  cm  Plexiglass 

26kVp 

14.89  keV  (E-eff) 

18.73  keV  (E-eff) 

30kVp 

15.55  keV  (E-eff) 

17.99  keV  (E-eff) 

These  data  show  that  the  effective  energy  of  the  generator  is  approximately  half  of  the  peak  tube  voltage 
with  no  absorber.  The  effective  energy  is  increased  by  beam  hardening  through  the  plexiglass  absorber. 
Accordingly,  the  absorption  efficiency  of  the  detector  substrate  will  decrease  from  87%  to  73%  with  a 
26kVp  spectra  due  to  absorption  and  beam  hardening  in  the  breast  tissue. 

Three  parameters  that  affect  the  performance  of  the  DXM-1  imager  were  measured:  Mean  and 
Standard  Deviation,  Signal-to-Noise  Ratio  (SNR),  noise  power  spectrum  (NPS)  and  dark  signal 
generation.  To  analyze  the  Mean  and  Standard  Deviation,  the  mean  analog-to-digital  units  (ADU)  were 
measured  and  plotted  vrs  relative  exposure  in  mA.  These  measurements  were  made  by  acquiring  x-ray 
images  with  the  DXM-1.  An  area  of  interest  (AOI)  was  selected  in  the  image  containing  approximately 
10,000  pixels.  Each  pixel  consists  of  a  gray-level  value  produced  by  the  digitized  TDI  sum  of  the  detector 
elements  on  the  sensor  array.  Each  pixel  contains  a  16-bit  digital  word  to  represent  its  gray  level  value, 
thus  each  pixel  has  a  capacity  of  16,384  ADUs  or  gray  levels.  It  is  important  to  note  that  the  Mean 
increases  linearly  with  exposure. 
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The  DXM-1  sensor  arrays  contain  two  separate  banks  of  detectors  off-set  by  half  a  pixel  in  the  in¬ 
scan  and  cross-scan  direction.  Results  obtained  with  both  banks  of  sensors  were  plotted  as  shown  in 
Figure  B8.  As  shown  bank  2  consistently  has  a  higher  sensitivity  than  bank  1  and  both  banks  show  an 
increased  output  as  exposure  is  increased.  The  root-mean  square  (RMS)  of  the  ADU  was  plotted  vrs 
exposure  for  both  banks  of  sensors  and  is  shown  in  Figure  B9.  Note  that  the  RMS  increases  as  the  square 
root  of  the  exposure.  The  Signal-to-Noise  Ratio  (SNR)  calculated  by  dividing  the  mean  with  the  RMS, 
is  plotted  vrs  exposure  in  Figure  BIO.  As  shown,  the  SNR  is  about  45:1  at  an  exposure  of  25  mA  and 
increases  with  increasing  exposure  to  about  85:1  at  an  exposure  of  130  mA.  Also  note  that  the  SNR 
increases  as  the  square  root  of  the  exposure  as  well. 

The  Mean  (ADU)  of  the  sensor  array  AOI  was  measured  without  x-ray  exposure  as  a  function  of 
time  for  both  banks  of  sensors.  The  results  are  shown  in  Figure  B1 1.  As  shown,  the  mean  dark  signal 
increases  as  a  function  of  time  for  both  banks  of  sensors.  Bank  1  has  a  higher  dark  current  generation  rate 
than  Bank  2.  The  increase  in  dark  current  generation  is  attributed  to  the  temperature  rise  experienced  by 
the  camera  and  sensor  array  due  to  heat  generated  while  the  system  is  on. 

The  noise  power  spectrum  (NPS)  of  the  sensor  arrays  was  determined  as  described  by  Dainty,  et 
al7  and  Roehrig,  et  al8  and  is  plotted  as  a  function  of  frequency  from  0  to  10  line  pairs/mm  (Ip/mm).  Data 
was  obtained  with  and  without  x-ray  exposure.  The  results  of  this  study  are  shown  in  Figures  B 12  and 
B13.  As  shown  in  Figure  B 12,  the  NPS  of  both  banks  of  sensors  decreases  slightly  as  frequency  increases 
for  both  cases  (with  and  without  x-ray  exposure).  As  shown  in  Figure  B 13,  the  NPS  was  obtained  under 
four  exposure  conditions  with  the  accreditation  phantom.  The  NPS  decreases  with  increased  exposure  and 
frequency. 

Images  were  acquired  of  the  accreditation  phantom  to  characterize  the  amount  of  fixed  pattern 
noise  and  other  artifacts  created  by  the  camera  and  DSP  system.  Images  obtained  are  shown  in  Figures 
B14  and  B15.  A  schematic  of  the  accreditation  phantom  is  shown  in  Figure  B16.  As  shown  in  Figure 
B14,  at  an  exposure  of  75  mA,  mass  groups  13  -  15  are  visible,  while  16  is  not.  Figure  B15  shows  the 
same  mass  groups  taken  at  an  exposure  of  100  mA.  At  this  exposure  mass  group  16  is  not  visible  either. 
These  images  were  produced  with  a  dark-subtraction  and  flat-fielding  algorithm  applied  to  the  raw  image 
data. 


Another  task  yet  to  be  completed  is  the  development  of  the  image  restoration  software  and 
user  interface  software.  These  programs  will  be  used  by  the  radiologist  to  clean  up  the  image  data 
to  remove  scanning  artifacts  and  pixel  induced  artifacts  and  to  allow  the  radiologist  to  set  up  and 
control  the  image  acquisition  sequence.  It  is  anticipated  that  these  programs  will  be  completed  by 
September  30, 1997. 

TASK  2:  Engineering  and  Technical  Evaluation  of  the  DXM-1  System 

This  task  scheduled  to  begin  in  April,  1997  has  been  delayed  due  to  the  problems  encountered 
in  task  1.  However,  some  preliminary  data  is  being  produced  utilizing  the  images  acquired  with  the 
existing  version  of  the  prototype.  These  data  are  not  yet  available  for  reporting  purposes.  It  is 
anticipated  that  this  task  will  delayed  until  October  1, 1997. 
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TASK  3:  Clinical  Studies  to  Assess  Efficacy  of  the  DXM-1  Digital  Mammography  System 

Recently,  the  principal  investigator  for  the  clinical  trial  program  subcontracted  to  Sharp  Healthcare, 
Dr.  Christine  White,  left  her  position  there.  One  of  her  colleagues.  Dr.  Linda  Olson  is  a  professor  at  the 
University  of  California  at  San  Diego  (UCSD).  She  has  agreed  to  become  the  principal  investigator  for 
the  clinical  trial  program  and  run  it  through  the  university  hospital. 

A  request  for  a  change  of  venue  was  made  for  the  clinical  trial  program  in  connection  with  this 
effort  from  Sharp  Healthcare  to  UCSD  on  June  13, 1997.  A  reply  was  received  requesting  a  protocol,  IRB 
approval,  safety  program  and  patient  informed  consent  form  from  UCSD,  a  CV  from  Dr.  Olson  and  a 
redirection  of  funds  budget.  These  items  were  forwarded  to  the  MCMR  grants  office  on  June  30, 1997. 
We  are  waiting  final  approval  to  transfer  the  clinical  trial  program  to  UCSD. 

The  revised  clinical  trial  program  is  proposed  to  begin  on  January  1,  1998.  The  scope  of  work 
proposed  is  essentially  identical  to  the  original  trial  and  the  proposed  budget  will  not  change  the  current 
level  of  funding  for  this  grant. 

Conclusions 

Overall  progress  to  date  on  this  effort  has  been  delayed  due  to  technical  difficulties  in  the  DXM-1 
system  integration.  Moreover,  one  of  the  clinical  trial  venues  needs  to  be  changed  due  to  the  departure  of 
the  program  director  at  the  originally  chosen  facility.  This  has  resulted  in  a  slippage  in  milestone 
performance  of  six  to  twelve  months  in  some  cases.  However,  much  of  this  lost  time  can  be  made  up 
during  the  next  six  months  if  our  contractors  perform  as  anticipated. 

Some  conclusions  can  be  made  at  this  time  based  on  the  preliminary  data  gathered  thus  far  on  the 
DXM-1  system.  The  system  response  is  linear  with  exposure  dose  and  it  appears  that  the  dominant  noise 
source  is  quantum  (x-ray)  noise.  Efforts  are  now  underway  to  improve  system  performance  by  removing 
artifacts  generated  in  the  image  reconstruction  process,  to  eliminate  parasitic  capacitance  on  the  readout 
IC,  and  to  increase  resolution  by  interleaving  both  banks  of  sensors  into  the  displayed  image. 

During  the  next  reporting  period  a  significant  amount  of  technical  and  clinical  data  will  be 
generated  in  connection  with  this  program.  Preliminary  findings  indicate  that  the  primary  objective  of  this 
effort,  the  demonstration  of  a  new  imaging  technology  that  has  superior  performance  to  conventional 
screened  film  will  be  established.  Of  particular  importance  is  the  fact  that  through  this  program,  significant 
clinical  and  technical  data  will  be  generated  that  will  greatly  enhance  the  viability  of  this  technology  and 
will  greatly  expedite  the  transition  of  this  technology  in  to  the  clinical  environment. 
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.  Primary  Slot  Scan4  Sl^sfem  DQE  Is .  Abdut  1 0x 

•  Better  Thari  :  Film— screen 

•  Quantum  efficiency  of  a  1.5mm  detector  is  over  80%. 

•  Scatter  and  grid  effects  reduce  system  DQE  of 
film— screen  to  about  7%. 


\ 

x 

\ 

\ 

£ i 

> 

Q  C _ I ^ - 1 - 3L. 

U  0  5  IQ  15 

Ip/mm 


Reft  "Detective  quantum  efficiency  of  selected 
mamrnogrophic  ecroon-film  combinations." 
In:  Medical  Imaging  «fc  Image  Formation. 
SPtE  1090.  1989:  p72-74 


•  -  DQE  of  Kodak  Mttt-R  Screen/Orlho-M  Rim 
O-  DOC  of  1.5mm  Thick  PrimeX  Oetector 

*  -  System  OQE  of  Film/Screeo  With  Scatter  Cod 


Modulation  Transfer  Function  Data 
Approaches  Predicted  Values 


•  -  MTF  of  1mm  Oetector  (2  Somptes  per  Owed) 
O  -  MTF  of  1mm  Detector  (1  Somple  per  Owed) 


Experimental  DQE  Data  Consistent 
With  Predictions 


e  u  i  u  t 


TMCKNESS  (mm) 
o  —  Measured  DQE 

*  -  Predated  DOE  (W  Target  X-ray  Spectra) 

•  -  Predicted  OQE  (Uo  Target  X-ray  Spectra) 


Figure  A-l 
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At  14.9keV  effective  energy  (HVL  =  0.339  mm  Al),  using  a  Toshiba  “Mammo-Source”,  at  26  Kvp  and  Mo-Filter 
Absorption :  86.9% 


Figure  B-2 
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Primcx  detector  on  GQ}  camera  with  optical  fiber  reducer 
■  X^r^  Source:  30^  ’ 


Figure  B-3 
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The  size  of  each  of  the  three  detector  pieces  was  approximately 
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Exposures  at  19  keV  effective  energy  (HVL  =  0.655  mm  Al),  using  a  Toshiba  “Mammo-Source”,  at  30  kVp  +  3.9  cm  Plexiglass 
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Half-Value  layers  of  Primex  Mammo-x-source 


3.9  cm  Plexiglass 

3.9  cm  Plexiglass 

No  Plexiglass 

No  Plexiglass 

[30  kVp] 

[26  kVp] 

[30  kVp] 

[26  kVp] 

Al-Thickn  Exposure 

Exposure 

Exposure 

Exposure 

[mm]  [mr] 

[mr] 

[mr] 

[mR] 

0  79.6 

37.8 

2790 

1771 

0.1  70.6 

33.9 

2220 

1374 

0.2  63.2 

29.3 

1826 

1095 

0.3  56.56 

26 

1523 

899 

0.4  50.5 

22.6 

1276 

742 

0.5  45 

20.05 

1094 

621 

0.6  40.75 

17.9 

920 

519 

0.7  36.4 

15.65 

779 

0.8  32.9 

13.95 

0.9  29.8 

12.5 

1  27 

11.02 

HVL: 

HVL 

HVL 

HVL 

0.626  mm  A1 

0.557  mm  A1 

0.363  mm  A1 

0.32  mm  A1 

mu/rho  (0.5) 

mu/rho  (0.5) 

mu/rho  (0.5) 

mu/rho  (0.5) 

4.101 

4.609 

7.0722 

8.0225 

E-eff  [kev] 

E-eff  [keV] 

E-eff  [keV] 

E-eff  [keV] 

18.73 

17.99 

15.55 

14.89 

Figure  B-7 
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Mean  (ADU)  vs  Exposure  (m A) 
PrimeX  X-ray  Image  System 
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Exposure  (mA) 


IMS  (ADU)  vs  Exposure  (mA) 
PrimeX  X-ray  Image  System 
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Figure  B-9 


SNR  vs  Exposure  (mA) 
PrimeX  X-ray  Image  System 
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Figure  B- 10 


Primex  Dark  Mean  vs  Time  from  Startup  of  System 
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Figure  B-l  1 


NPS  of  Primex  Scanning  System 


tevimu)  SdN 
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Frequency  (Ip/mm) 


tevUlUl)  SdN 
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.2,  DESCRIPTION 

The  Mammographic  Phantom  is  made  up  of  a  wax  block  containing  16  various  sets  of 
test  objects,  a  3.3  cm  (1 .3  inch)  thick  acrylic  base,  atray  for  placement  of  the  wax  block, 
and  a  .3  cm*(.1 2  inch)  thick  cover.  All  of  this  together  approximates  a  4.0  to  4.5  cm 
compressed  breast  Five  simulated  rnicro-caidfications,  six  different  size  nylon  fibers 
simulate  fibrous  structures,  and  five  different  size  tumor-like  masses  .are  included  in 
the  wax  insert'  _ 

Figure  2  Hsts  the  sizes  of  the  test  objects  and  their  position  in  relation  to  the  notched 
comer  of  the.  wax  block. 


~Ti 

Seaion  Materials  . 

r. 

1.56  mm  nylon  fiber  / 

2. 

1.12  mm  nylon  fiber 

3. 

0.89  mm  nylon  fiber 

4. 

0.75  mm  nylon  fiber 

5. 

6. 

0.40  mm  nylon  fiber 

7. 

j  0-54  mm  simulated  micro-calcification 

8. 

0.40  mm  simulated  micro-calcification 

9. 

0.32  mm  simulated  micro-calcification 

10. 

0,24  mm  simulated  micro-calcification 

11. 

0,16  mm  simulated  micro-calcification 

12. 

2.00  mm  tumor-like  mass 

13. 

1 .00  mm  tumor-like  mass 

*14. 

0.75  mm  tumor-like  mass 

IS. 

0.50  mm  tumor-tike  mass 

16, 

.  0.25  mm  tumor-like  mass 
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Figure  Z  A  schematic  vfavrof  the  Mammographic  Phantom  giving  the  test  object  sizes  and 
position  numbers  used  for  reference. 


Note:  Numbers  are  for  reference  only.  The  wax  block 
.  can  be  removed  (carefully)  and  placed  in  different 
orientations  (even  upside  down)  fora  randomized  effect 
if  desired. 

Figure  B-16 
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